we characterized the surface deformation in Taiwan after the M w = 7.6 Chi-Chi earthquake of 21 September 1999. In continuous GPS (CGPS) data, the maximum coseismic deformation of the Chengkung earthquake and Ilan double earthquakes reached 165.5 ± 0.5 mm and 35.4 ± 0.5 mm in horizontal displacement and 181.7 ± 1.1 mm and 12.6 ± 1.5 mm in vertical displacement, respectively. With respect to Paisha station, S01R, the stations of the Coastal Range and Lanhsu showed an average displacement of 40.5-93.6 mm/yr with directions of 307°-333°. The stations in the Longitudinal Valley and Central Range revealed velocities in the range 19.0-49.3 mm/yr with directions of 285°-318°. In western Taiwan, the velocities in the inner fold-and-thrust belt range from 14.2 to 45.5 mm/yr with directions of 284°-304°. Extensional strain affects the Ilan and Pingtung plains near belt tips, revealing lateral extrusion toward the adjacent subduction zones. Extensional strain also affects the southern Central Range because of the rapid uplift related to the southward propagating collision process. Large and medium size earthquakes affect the strain pattern revealed by CGPS, albeit in different ways: regional extension and displacement were large and rotations were small regarding the M w = 7.6 Chi-Chi earthquake. In contrast, the limited size of the affected area, moderate displacement, and large rotations characterized the 2003 M w = 6.8 Chengkung earthquake. The impact of smaller earthquakes such as the 2005 M w = 5.9 Ilan double earthquakes and the 2005 M w = 5.6 Hualien earthquake was locally significant but regionally minor. The CGPS data provide a snapshot of the deformation that is generally consistent with the long-term history of the collision but should not be directly extrapolated because thrust deformation is migrating along the tectonic boundary. Regarding the Chi-Chi earthquake, the new CGPS data show that the Chi-Chi hanging wall is still recognizable as a kinematic block, whereas in the previous pattern the hanging wall was not discernable.
Introduction
[2] Along the convergent boundary between the South China Block of Eurasia and the Philippine Sea Plate (Figure 1 ), thousands of earthquakes hit Taiwan and its surroundings each year [Tsai, 1986; Wang and Shin, 1998 ].
The mountain belt of Taiwan [Ho, 1986] results from an oblique collision between the Luzon volcanic arc of the Philippine Sea Plate and the continental margin of the Eurasian Plate [Suppe, 1980 [Suppe, , 1984 . The present-day convergent rate of the two plates was considered to be about 7.3 cm/yr in the N49°W direction [Seno et al., 1993] , but on the basis of geodetic GPS analyses, Yu et al. [1997 Yu et al. [ , 1999 determined a faster rate, 8.2 cm/yr, consistent with recent plate tectonic models [Zang et al., 2002] . The difference between these results is related to the displacement of south China with respect to Eurasia [Angelier et al., 2000] . Plate convergence in this region produces the dominant driving force and stress concentration across the Taiwan mountain belt [Hu et al., 1996 [Hu et al., , 2002 .
[3] The Global Positioning System has become one of the most important geodetic tools for studying crustal defor-mation [Dixon, 1991; Segall and Davis, 1997; Thatcher, 2003] . In Taiwan, the first island-wide "Taiwan GPS Network" was established in 1989. This network is composed of more than 150 epoch-surveyed stations and nine continuously recording stations covering the entire island of Taiwan and several offshore islets and annually surveyed since 1990. The results of satellite positioning (GPS) analyses from 1990 to 1995 (Figure 2 ) primarily revealed the interseismic velocity field within the seismogenic portion of the lithosphere [Yu et al., , 1999 Hsu et al., 2003; Johnson and Segall, 2005; Hsu et al., 2009a] (Figure 3 ).
[4] After the 1999 Chi-Chi earthquake, large coseismic deformation was mainly surveyed by campaign mode GPS measurements [Yang et al., 2000; Yu et al., 2001; Hsu et al., 2007] . From 1993 to 2000, the Central Weather Bureau set up 17 continuous GPS stations in Taiwan [Lin et al., 2006] . Severe limitations in the interpretation of continuous GPS data as representative of the permanent deformation were highlighted by the coseismic deformation of the destructive 1999 Chi-Chi earthquake (M w = 7.6), which produced an ∼100 km surface rupture in central west Taiwan.
[5] After this major earthquake, several institutions established continuous GPS stations for the assessment of potential seismic hazards in Taiwan. To investigate the postseismic activity following the Chi-Chi earthquake and the crustal deformation, the Seismological Observation Center of the Central Weather Bureau cooperated with the Institute of Earth Sciences, Academia Sinica to establish the Continuous Global Positioning System Network in Taiwan (TCGN). In the 15 month period following the earthquake, Figure 1 . Relief map and geodynamic framework of the Taiwan region. Subduction along the Ryukyu and Manila trenches is shown as a solid line with triangles on the overriding plate. The large red indicator arrow notes direction and convergence rate between the volcanic arc and continental margin. The enumerated major structures (1-6) are the deformation front, the Chelungpu fault, the Chuchih fault, the Lishan fault, and the Longitudinal Valley fault. GPS velocity vectors are displayed as thin red arrows respect to stable Eurasia, following Yu et al. [1999] .
the GPS stations of the hanging wall displayed significant postseismic deformation with a horizontal displacement of up to 252 mm toward the WNW and an uplift of 229 mm Hsu et al., 2002] .
[6] In previous studies, northern Taiwan is characterized as a transition zone because of compression due to plate convergence to transtension influenced by the Ryukyu subduction system [Hu et al., 1996 [Hu et al., , 2002 Rau et al., 2008] , enhanced by extrusion and lateral escape toward the northeast [Angelier et al., 2009] . These southeastward increasing station velocities are interpreted as a consequence of lateral extrusion due to the oblique collision between the Philippine Sea plate and the Eurasian plate [Angelier et al., 2009] , compatible with the back-arc opening of Okinawa trough [Hou et al., 2009] .
[7] From the structural point of view, the fold-and-thrust belt in west central Taiwan includes major trending thrust sheets [Ho, 1986] separated by some transfer faults [Deffontaines et al., 1997] . Major seismicity occurred in the upper crust above a major décollement at a depth of ∼10 km [Carena et al., 2002] . The coseismic and postseismic deformation of Chi-Chi earthquake was analyzed from GPS and interferometric synthetic aperture radar (InSAR) data Pathier et al., 2003; Johnson and Segall, 2004; Savage et al., 2005; Hsu et al., 2007] . Figure 2 . Results of the Taiwan GPS Network surveyed four to six times from 1990 to 1995 with dualfrequency geodetic receivers (as modified from GPS data of Table 2 of Yu et al. [1997] ). Displacement is relative to the Paisha station, S01R, located in Penghu Island in the Chinese continental margin. The velocity vectors of stations in Lanhsu, Lutao, and the Coastal Range trend toward azimuths of 306°-322°, with rates of 56-82 mm/yr. The 95% confidence error ellipse is shown at the tip of each velocity.
[8] Southern Taiwan is located in the transition zone between subduction to the south and collision to the north [Hu et al., 1997 . Lateral escape and extrusion occur toward the southwest, and the corresponding velocity field shows a counterclockwise movement, the rotation being nonrigid [Lacombe et al., 2001; Angelier et al., 2009] . According to this velocity pattern, southwestern Taiwan can be divided into three main domains separated by the Chukou fault and the Chishan fault [Ching et al., 2007] .
[9] The pattern of relative displacement in eastern Taiwan is dominated by the presence of an active plate suture, the 100-150 km long Longitudinal Valley Fault (LVF) zone where about one third of the total NW-SE convergence occurs with high seismicity [Yu and Kuo, 2001] . LANY in Lanhsu Island a value significantly larger than the previous report of permanent station S102, giving a velocity of 81.5 ± 1.3 mm/yr with directions of 306°± 1° .
[10] The most significant shortening occurred across the Chihshang Fault [Angelier et al., , 2000 Lee et al., 2003 Lee et al., , 2006 , with a shortening rate of ∼67 mm/yr. During our survey, the M w = 6.8 Chengkung earthquake occurred on 10 December 2003, rupturing the Chihshang Fault. The footwall moved toward the north or NNE to the north, the east or ESE in the central area, and the SW or SSW to the south. The maximum horizontal coseismic displacement was about 4.5 cm (at station S055). Concerning the hanging wall in the Coastal Range, the coseismic displacements revealed a clear fan-shape with north or NNE trends to the north, NW or west trends in the middle area, and SW trends to the south. The coseismic displacement of the Chengkung earthquake reached ∼126 mm in the horizontal component and 263 mm in the vertical component Hu et al., 2007; Hsu et al., 2009b] , and the postseismic displacement in 109 days approached 59 and 68 mm, respectively, in the same components Cheng et al., 2009; Hsu et al., 2009b] . The maximum horizontal and vertical coseismic displacements near the epicentral area reached about 12.6 and 26.3 cm, respectively, at station S033 Ching et al., 2007; Hu et al., 2007] . Near the epicentral area, velocities at several stations were affected by the coseismic and postseismic deformation of the Chengkung earthquake by up to ∼10 mm/yr.
[11] As a main aim of this paper, it is thus crucial to determine whether the GPS velocity field reveals steady state deformation or simply reflects the interseismic stage of variable deformation during the earthquake cycle. On the basis of continuous GPS data, we discuss the seismic deformation for large events during the period 2003-2005, taking advantage of its daily time series. We thus examine and compare displacement and strain patterns (relative strain magnitudes, dilatational strain and rotational strain components) before and after the large 1999 Chi-Chi earthquake and before and after three other relatively large earthquakes. We quantify in more detail than previous campaign mode results both the velocity distribution and the strain rate field to better characterize the style of present-day deformation along a convergent plate boundary. We also compare the velocities before and after Chi-Chi earthquake in order to better characterize the influence of the earthquake cycle.
Data Acquisition and Processing

Continuous GPS Network
[12] Completed in 2005, the TCGN incorporated 200 continuous GPS stations with a multifunction monitoring system and variable station spacing depending on seismotectonic activity and population density of <20 km on average. The TCGN receivers have a high sampling rate, safe data storing devices, and a facility for real-time transmission equipment. The short-term priority involves detection of preseismic, coseismic, and postseismic movements related to large events. The long-term mission of the TCGN is to monitor the crustal deformation related to plate convergence. For this study, we collected daily continuous GPS data from 1 January 2003 to 31 December 2005 at 114 sites (Figure 4) , including 96 stations from the Central Weather Bureau (CWB), 7 stations from the Ministry of the Interior, 5 stations from National Taiwan University, 2 stations from National Cheng Kung University (NCKU), and 4 International Global Navigation Satellite Systems Service (IGS) sites (WUHN, GUAM, TSKB, and TID2).
GPS Data Processing
[13] In each survey, all stations are observed simultaneously with dual-frequency geodetic receivers. The antenna types include ROUGE SNR-8000, AOAD/M_T, Leica RS500, LEIAT504 SCIS, TRIMBLE 5700, and TRM41249.00, or their equivalents. Most sites are equipped with choke ring antenna with radome. The sampling interval for data collection is 30 s. The raw data of each station are transferred to the Receiver-Independent Exchange Format (RINEX) format. The continuous GPS data were processed session by session with the Bernese software version 4.2 [Hugentobler et al., 2001] in two steps to obtain precise coordinates.
[14] During the preprocessing step, the data were checked and prepared for coordinate estimation. Satellite orbits were converted into the Bernese format first, and a standard arc orbit for each day was generated, then the RINEX data files were translated into Bernese format. We analyzed P code to evaluate the receiver-clock errors on the microsecond level and estimated station coordinates using zero difference code measurements. The baselines were accumulated from simultaneous phase and code single-difference observations between receivers. The triple-difference algorithm was used for detecting cycle slips for all observations.
[15] During the postprocessing step, double-difference observations were used to determine station coordinates. We used the ephemerides provided by IGS. Using ionospherefree linear combination of carrier phase observations at L 1 and L 2 frequencies, L 3 , the first-order ionospheric effects were removed. The data obtained from elevation cutoff angle lower than 15°were not used to reduce multipath effects and noise. Tropospheric refraction corrections were based on the atmospheric zenith delay model [Saastamoinen, 1973] . The difference between actual and calculated zenith delays, or residual tropospheric zenith delay, was estimated every 2 h per station in the least squares adjustment of carrier phase observations [Brunner and Welsch, 1993] .
[16] Four global IGS fiducial stations (TSKB, GUAM, TID2, and WUHN) (Figure 4a ) in the international terrestrial reference frame ITRF2000 [Altamimi et al., 2002] were used to determine the positions and velocities of six local permanent stations (BANC, CK01, KDNM, KMNM, PANG, and S01R) by minimizing common mode deviations from linear velocities [Tabei and Amin, 2002] (Table 1) . Then the coordinates of 110 continuous GPS (CGPS) stations in Taiwan ( Figure 4b) were calculated from the positions of six local stations with coordinates derived from a priori positions and velocities. Following previous authors , we chose the Paisha station, S01R, as the reference for the velocity field. This choice is convenient because this station belongs to the South China Block, the stable foreland of the Taiwan mountain belt.
Improved Time Series
[17] The analysis included the following steps. First, the GPS time series were defined for each component using the least squares method as modified from Nikolaidis [2002] . according to
where t i for i = 1, N are the daily solution epochs in units of years, and H is the Heaviside step function. The first two terms involve the site position, a, and the linear rate, b. The third term corrects for any number (n c ) of offsets with magnitudes c and epochs T c . The postseismic motion is introduced as a rate change, d j , and a logarithmic decay with magnitude, e j , at the selected earthquake epochs T dj and T ej . The measurement error is v i . We then applied the spatial filtering technique to remove common mode errors from coordinate time series. The method proposed by Wdowinski et al. [1997] includes detrending, stacking, and filtering.
Determination of Strain Rate From CGPS Data
[18] In contrast to the displacement data, the strain rate tensor is independent of the reference frame. The strain rate field reveals local strain accumulation rates and their possible connection to seismic hazard potential [Ward, 1994] . We derived strain rates from the velocity estimates according to the procedure described by Shen et al. [1996] . This method, following previous methods [e.g., Frank, 1966; Prescott, 1976] , interpolates the strain rates from local geodetic measurements through continuous functions within the entire network.
[19] At each location, a uniform strain rate field is assumed, and a least squares inversion is performed over strain velocity solutions and their covariance for six unknowns. As shown in Figure 9 , we thus estimated the strain rate distribution according to that of the GPS velocity gradients based on where the horizontal velocity components (v e j , v n j ), the strain rate components (
, and a rotation rate _ ! j at a particular point j (x j , y j ) are related with the observed velocity components (v e i , v n i ) at an observation point i (x i , y i ), while Dx ij = x i − x j and Dy ij = y i − y j (e e i , e n i ) are the observational errors. 
Changes in Deformation Patterns
CGPS Time Series and Velocities
[21] To investigate the secular velocity field in the period of 2003-2005, we chose six CGPS stations in the epicentral area of the four events to better characterize the influence of the coseismic and postseismic deformation associated with these events (Figure 6 ). At station CHEN, a nearly 1 year period before event 1 indicates displacement with a constant velocity (43 and 55 mm/yr for the north and west compo-nents, respectively; that is, 70 mm/yr in the N52°W direction). Then the earthquake, as the largest one of the analyzed period in Taiwan, induced major displacement toward the northeast (95 and 86 mm for the north and east components, respectively; that is, 128 mm in the N42°E direction).
[22] This coseismic displacement was followed by relatively fast postseismic displacement during the 3 months following the earthquake, resulting in additional displacement of ∼35 mm (33 and 12 mm for the north and east components, respectively), with a progressive clockwise rotation of the displacement vector illustrated in Figure 6 by the curved distribution of data points for these 3 months following event 1. Later in 2004 and 2005, the displacement became constant in velocity as before the earthquake (with 54 and 49 mm/yr for the north and west components, respectively; that is, 91 mm/yr in a N42°W direction).
[23] The interseismic and coseismic displacements occurred in nearly perpendicular directions (N52°-42°W and N42°E, respectively), and the velocity was significantly larger after the event 1 than before (91 mm/yr instead of 70 mm/yr). Figure 6 also shows that the slow subsidence of station CHEN in 2003 (∼11 mm/yr) was interrupted by a strong coseismic uplift of ∼150 mm during the Chengkung earthquake and >30 mm over the following 3 months. During the next 22 months, uplift occurred at a rather stable rate of 28 mm/yr. [24] Station CHEN is located at a short distance from the epicenter of the Chengkung earthquake in the hanging wall of the reverse Chihshang Fault activated during this earthquake. Station TUNS is located in the footwall, on the opposite side of the mountain belt, at a distance of ∼110 km from the epicenter. At this station, the displacement related to event 1 and its aftershock sequence is ∼5 mm to the south and 10 mm to the east (that is, 11 mm in a N117°E direction), with a subsidence of nearly 10 mm ( Figure 6 ). In contrast with station TUNS, station NSHE, located at a similar across-belt distance but at a large along-belt distance to the north, did not reveal significant displacement during event 1. [25] The other major earthquakes of our study period affected displacement at stations ILAN for the events 2 and 3 and YENL for event 4. In the first case, the coseismic displacement is about 26.5 and 23.5 mm for the north and west components, indicating ∼35.4 mm of displacement toward the northwest, consistent with the strike-slip mechanism of the earthquake ( Figure 5 and Table 2 ). The case of event 4 recorded in station YENL differs, in that no significant difference exists between the average displacement velocity vectors before and after the earthquake. However, the coseismic displacement to the southeast during event 4 is also consistent with the strike-slip mechanism ( Plain, up to 32.8 mm/yr with direction of 146°for station SUAO farther south. In western Taiwan, the velocities in the inner fold-and-thrust belt range from 14.2 to 45.5 mm/yr with directions of 284°-304°. They decrease to values <10 mm/yr in the outer fold-and-thrust belt and the Coastal Plain, consistent with strain accumulation across the foldand-thrust belt.
[27] The velocities are small in the rim of Peikang basement high area (stations CHIA and TUNS, 11.7 and 12.8 mm/yr, respectively) and increase to the south with significant counterclockwise deviation. (Figure 7 and Table 3 ).
Spatial Variation of Crustal Strain Rates in Taiwan
[28] The changes in baseline lengths from the repeated and CGPS surveys were used to assess the spatial variation of the horizontal crustal strain over the region. On the basis of the distribution of geodetic stations (Figure 4 ) and systematic interpolation, the strain rate field could be calculated in a regular grid, as shown in [29] Negative values prevail in the Coastal Range and the foothills, where active thrusting is clearly documented (Figure 8) . Positive values of strain rate are present at both tips of the collision belt where extrusion occurs and also along the High Central Range, where normal faulting is indicated by both the geological observation and the focal mechanisms of earthquakes.
[30] Extensional strain rates occur in the Ilan Plain and Pingtung Plain areas at the tips of the collision belt (light blue and dark blue domains in Figure 8 ). The largest extensional rate of our survey period (Figure 8b ) was found in the Ilan Plain, with 2.66 mstrain/yr in a NW-SE direction and a shortening rate of 1.28 mstrain/yr in a NE-SW direction (azimuths 132°-150°), which revealed transtension. Because this area is considered as a western extension of the Okinawa trough [Liu, 1995] , the extensional deformation is assumed to be related to extension in the Okinawa trough [Letouzey and Kimura, 1985; Sibuet et al., 1987] . Transtension also occurs, with significant albeit smaller rates, in the Pingtung Plain area of southwest Taiwan. These deformations result from extrusion and lateral escape at both tips of the Taiwan collision belt [Angelier et al., 2009] .
Rotation Components
[31] In Figure 9 , the periods distinguished are the same as in Figure 8 . A significant clockwise rotation of up to 1.2-1.5 mrad/yr occurs near the southern part of the Ilan Plain, consistent with the conclusions of Liu [1995] , who pointed out that the south edge of the trough had been opening at a rate of 1.3 mrad/yr clockwise. During the two periods considered (1990-1995 and 2003-2005) , clockwise rotation prevailed in the Ilan Plain region, whereas counterclockwise rotation affected the Pingtung Plain (Figures 9a  and 9b ). The Tainan region was, however, subject to a clockwise rotation that nearly equals that of the neighboring Pingtung Plain. This clockwise rotation is a probable consequence of the larger westward velocity of the southernmost fold-thrust units of the Western Foothills, as compared with the fold-thrust units of central south Taiwan. Rotations remain negligible, or marginally significant, in the other regions of the Eurasian portion of Taiwan.
[32] Some large amounts of counterclockwise rotation that apparently affect the eastern Central Range near 23°N and 23.5°N (Figures 9a and 9b) do not reflect the actual behavior of these areas but simply result from the distribution of the GPS stations. As no GPS station is present on the western edge of the Longitudinal Valley, the strain analysis is constrained by the stations of the eastern edge (in the fast moving Coastal Range) and a few stations at a large distance to the west inside the Central Range. As a result, because the strain determination by essence implies extrapolation and smoothing between the available GPS sites, a large deformation that occurs on the western edge of the Longitudinal Valley may "invade" large portions of the eastern edge. Such artifacts do not deserve consideration in the interpretation of strain maps.
[33] The largest rotation velocities are found in the Taitung region, with values up to −1.5 mrad/yr counterclockwise for both the pre-and post-Chi-Chi periods (Figures 9a  and 9b) . As an important difference, the northern boundary of this rotation area moved southward after the Chi-Chi earthquake.
[34] Another difference is the development of clockwise rotation along the eastern coast near 23°N during the postChi-Chi period, which accompanied a change from counterclockwise to clockwise before and after event 1 (compare Figures 9c and 9d) . Long-term clockwise rotations accompanied the collision of the major units of the Luzon arc against the Chinese margin since about 2 Ma, as documented from paleomagnetic studies [Lee, 1994; Lee et al., 1991] . In the eastern coastal area near 23°N, the comparison between Figures 9c and 9d probably highlights the contrast between a slow permanent counterclockwise rotation (also indicated by Figure 9a ) and the large postseismic clockwise rotation of an arc block after the Chengkung earthquake.
Discussion and Summary
Coseismic and Postseismic Disturbance in the Time Period 2003-2005
[35] The main goal of this paper is to elucidate the active deformation in the active Taiwan orogenic belt after the exponential decay of six stations in the hanging wall were done for the postseismic displacements for this specified time interval [Hsu et al., 2002] . The postseismic displacement was predicted by the rapid afterslip of 25 cm in the hypercentral region at 7-12 km and significant slip on the lower décollement. In a 15 month period, Yu et al. [2003] used equation (1) to model the observed postseismic displacement Y(t i ) of CGPS station in each direction after Chi-Chi earthquake. The postseismic displacement was approximated by a combination of an exponential transient decay function with a relaxation time of 86 days and a postseismic linear rate change . In addition, a test had been done to evaluate whether postseismic deformation was better predicted by afterslip or viscoelastic relaxation of the lower crust and upper mantle on the basis of GPS displacement in a 15 month period after the Chi-Chi earthquake [Hsu et al., 2007] . They used a three-layer model that included an elastic upper crust at 0-20 km, a 20 Pa s at depth >40 km. They concluded that all viscoelastic models tested fail to fit the general features in the postseismic GPS displacement but fit quite well with afterslip model. Furthermore, an azimuthal difference of about 10°-20°between preseismic and postseismic GPS velocities was reported by Hsu et al. [2009c] ; they inferred that the very low shear stress on the creeping portion of the décol-lement beneath the Central Range [Hsu et al., 2009c] . Perfettini and Avouac [2004] proposed a possible mechanism of postseismic relaxation driven by a brittle creep in the brittle creeping fault zone on the basis of the observation of geodetic measurements and the decay rate of aftershocks. This model predicted an initial logarithmic increase of slip with time. The inferred relaxation time is rate dependent. An inferred relaxation time of 8.5 years required a value of a = ∂m/∂ log (V) in the rage between 1.3 × 10 −3 and × 10 −2 . They proposed that the postseismic relaxation does involve viscous flow at greater depth and fluid flow redistribution within the upper crust but the brittle creep mechanism should operate concurrently. Thus, a fraction of the signal of GPS displacement that we have observed at present might be due to a viscoelastic response rather than afterslip which dominated the signal initially (J.-P. Avouac, personal communication, 2009 ). To first order the strain field due to the viscoelastic response should look like an accelerated version of the preseismic strain field; this will be checked in the further study of numerical simulation.
[36] In the case of postseismic deformation after the 2003 Chengkung earthquake, Savage and Yu [2007] demonstrated that the postseismic relaxation and aftershocks were driven by fault slip on the coseismic rupture. They also proposed that the afterslip seemed to be the primary contribution to the postseismic deformation and the Chihshang fault also contributed shallow creep after the main shock. Hsu et al. [2009b] suggested that the postseismic slip of ∼0.1 m over a 157 day period occurred at a depth of 15 km. On the basis of continuously recording GPS stations, a largest relaxation time of 87 days was proposed . However, the large postseismic displacements in 18 months approached 86 mm (station SHAN) and 91 mm (station TAPO) in the horizontal and vertical components, respectively . To estimate the secular crustal deformation during the period after the Chengkung event, the temporal variations can be computed by equation (1); thus, the secular crustal movement after earthquake and the relaxation time can be estimated from the position variations.
Displacement Patterns Before and After the Chi-Chi Earthquake
[37] As the very large 1999 Chi-Chi earthquake (M w = 7.6) occurred between the major survey periods, it is interesting to compare the average velocity patterns of those periods, 1990 periods, -1995 periods, [Yu et al., 1997 periods, ] and 2003 periods, -2005 . This comparison is presented in Figure 10 ; Figure 10c presents both the successive displacement patterns and their vector difference field.
[38] In regions like northernmost Taiwan for small velocities and Lutao Island for high velocities, the differences are not significant, or even marginally significant. The largest differences occur in central Taiwan, where westward velocities dramatically increased after the Chi-Chi earthquake as a result of lower mechanical coupling during the postseismic period with respect to the preseismic situation.
In an area about 80 km wide and 100 km long of the Central Range and foothills, velocities increased by up to 20-25 mm/yr with respect to the preseismic period (Figure 10c) .
[39] In the foothill region of Chiayi and Tainan and the Central Range adjacent to it, differences in velocity are negligible (Figure 10c) , suggesting that the mechanical coupling is the same as before the Chi-Chi-earthquake. This vector difference pattern is consistent with an abrupt, across-belt change between a central domain (shown as a dark gray pattern in Figure 10d ) affected by the major earthquake that shows contrasting seismic and postseismic deformation patterns, and the other two domains (light gray pattern in Figure 10d ) where little or no change has occurred.
[40] Significant, albeit less pronounced, changes took place in and around the Ilan and Pingtung plains. In these domains dominated by extrusion at both tips of the collision belt [Angelier et al., 2009] , a significant increase in average velocity, up to 10-15 mm/yr, suggests that extrusion toward east and southeast (off Ilan) or southwest (off Pingtung) was more active after than before the Chichi earthquake (Figure 8d) . A minor but significant counterclockwise change in the direction of relative displacement has also affected the Coastal Range, resulting in southward directed difference vectors along the coast of southern Taiwan (Figure 10d) .
[41] The analysis of the successive patterns of horizontal displacement vectors, before and after the 1999 Chi-chi earthquake, thus reveals a major change dominated by increasing heterogeneity in displacement along the Taiwan belt, with a quick westward displacement in the previously locked domain (as shown by different vectors in Figure 10c ). Six main domains are thus distinguished in Figure 8d as far as the velocity pattern is concerned: domains showing limited changes (light gray pattern) (domains 1 and 2), major increase in displacement toward south China (dark gray pattern) (domain 3), lateral escape and extrusion toward the adjacent subduction zones near belt tips (dashed lines) (domains 4 and 5), and across-suture shortening associated with minor deviation suggesting a limited southward escape (dotted line) near the southern corner of the region that experienced major velocity increase after the Chi-Chi earthquake (domain 6).
Temporal Variation of Crustal Strain Rate in Taiwan
[42] Figure 11a shows the differences between the strain patterns of two different periods: 1990-1995 and 2003-2005 , revealing strong contrasts in the domains affected by the Chi-Chi earthquake. On the contrary, the presence of small positive values of dilatation rate in the high Central Range of Taiwan, between two domains where shortening prevailed, is another constant feature (Figure 8, all maps) . During the postseismic period, shortening at rates of about 0.5-1 mstrain/yr in an ENE-WSW direction developed in a large area of the foothills and western Central Range of Taiwan, where smaller rates (around 0.5-1 mstrain/yr) pre- (Figures 10c and 10d ) and strain rate (Figure 11a) .
[43] The Chengkung earthquake, albeit less important, had significant impact on the GPS records. Comparing our recording periods before and after event 1 (Figures 8c and  8d ), large variations in strain rate patterns took place in the southern Coastal Range area affected by the Chengkung earthquake, where dilatation with values of about 1 mstrain/ yr replaced shortening with values around −1 mstrain/yr (blue and red, respectively, compare Figures 8c and 8d) . Likewise, large change in rotations occurred in this area (compare Figures 9c and 9d) . Other variations throughout Taiwan were minor.
[44] These two comparisons highlight the large difference in spatial extent between the regional strain changes related to the M w = 7.6 Chi-Chi earthquake (Figures 8a and 8b ) and the more local ones accompanying the M w = 6.8 Chengkung earthquake (Figures 8c and 8d) . Interestingly, the rotation changes were larger in the second case, consistent with the limited width of the block affected by the thrusting in the crust.
Summary of Geodetic Results and Insights for Seismic Activity
[45] In so far as discussion can be drawn from GPS data acquisition since 1990, including the continuous recording at many stations since 2003, some major aspects of displacement and deformation in Taiwan should be regarded as characteristic of longer-term tectonism, in agreement with a variety of geological observations. They include the NW-SE convergence and shortening across the collision zone (especially at and east of two major active boundaries, the Longitudinal Valley to the east and the belt front to the west), the extrusion at belt tips (Ilan Plain to the northeast, Pingtung Plain to the southwest), and the presence of extension in the Central Range.
[46] However, these data also show that significant changes in displacement, strain rate, and rotation occur during large earthquakes. Not only did the Chi-Chi earthquake reveal the importance of the west Taiwan tectonic boundary in the structural frame of Taiwan , it also induced important changes in the distribution of displacement and strain in the island. As a consequence of the earthquake cycle near the front of the orogen, the difference between the patterns of displacement and strain was quite significant. As an example of postseismic relaxation and after slip, consistent with coseismic behavior of the hanging wall , the six stations located in the upthrust block of the Chelungpu Fault had velocities of 18.1-45.5 mm/yr with directions 286°-296°f rom 2003 to 2005, much larger than before the Chi-Chi earthquake, documented at three survey mode geodetic monuments: S032 (5.0 ± 1.9 mm/yr, azimuth 329°± 2°), HTZS (11.8 ± 2 mm/yr, 310°± 2°), and JEFS (11.4 ± 2.1 mm/yr, 328.7°± 2°) from 1990 to 1995 .
[47] In contrast, the Chengkung and Hualien earthquakes did not markedly affect the island-wide pattern of displacement and strain. These earthquakes occurred at the active tectonic boundary in Taiwan where the last major events were the Hualien-Yuli-Taitung earthquakes of 1951. The absence of a very large event in eastern Taiwan during the GPS recording period precludes direct comparison between their displacement-strain behaviors as a function of the earthquake cycle. Figure 11 . (a) The difference in principal strain rate and (b) difference in rotation rate before and after Chi-Chi earthquake (1990-1995 and 2003-2005) .
Conclusion
S01R, the stations of Coastal Range and Lanhsu showed an average displacement of 40.5-93.6 mm/yr with directions of 307°-333°. The stations in the Longitudinal Valley and Central Range revealed velocities in the range 19.0-49.3 mm/yr with directions of 285°-318°. In western Taiwan, the velocities in the inner fold-and-thrust belt range from 14.2 to 45.5 mm/yr with directions of 284°-304°. Significant postseismic deformation after the Chi-Chi earthquake was detected in central Taiwan with a major increase in displacement velocity toward south China.
[49] Despite the influence of the Chi-Chi earthquake on the displacement and strain patterns, scale ranges in the difference maps for strain and rotation reach 3.3 mstrain/yr and 2.3 mrad/yr, respectively, as compared with 4 mstrain/yr and more and 2-3.5 mrad/yr in the preseismic and postseismic pattern maps, respectively. This comparison shows that the changes in the distribution of strain and rotation induced by this very large earthquake remained smaller than, albeit of the same order as, the corresponding contrasts that prevailed throughout Taiwan before and after.
[50] In contrast, the Chengkung earthquake did not markedly affect the island-wide pattern of displacement and strain. However, it resulted in major changes in strain and block rotation at a more local scale than the Chi-Chi earthquake, i.e., at the scale of the southern Coastal Range. Despite its relatively limited magnitude, this Chengkung earthquake clearly affected shortening on the opposite, western side of the southern collision belt at station TUNS.
[51] Regarding earthquakes with lower magnitudes, such as the Ilan double earthquakes and the Hualien earthquake, their impact on the displacement and strain patterns was not negligible but remained local. These results show that although large and medium size earthquakes affect the GPS strain pattern. They do this, however, in different ways: regional extension and displacement were large, while rotations were minor for the large, M w = 7.6 Chi-Chi earthquake. In contrast, extension was limited, displacement was moderate, and rotations were large for the 2003 M w = 6.8 Chengkung earthquake. Regarding smaller earthquakes such as the 2005 M w = 5.9 Ilan double earthquakes and the 2005 M w = 5.6 Hualien earthquake, their impact on the deformation is locally significant but regionally minor.
[52] The GPS data provide a snapshot of the deformation that is generally consistent with the long-term history of the collision, although it should be considered with caution as thrust deformation moves through time along the tectonic boundary. The kinematic changes resulting from the smallest events remain mainly local. For the largest event, the Chi-Chi earthquake, the new GPS data show that the Chi-Chi hanging wall is still recognizable as a kinematic block, in contrast to the previous pattern in which the hanging wall was not discernable.
